Abstract Perfluorooctanesulfonamides, such as N-ethyl perfluorooctanesulfonamidoethanol (N-EtFOSE), are large scale industrial chemicals but their disposition and toxicity are poorly understood despite significant human exposure. The hypothesis that subacute exposure to N-EtFOSE, a weak peroxisome proliferator, causes a redox imbalance in vivo was tested using the known peroxisome proliferator, ciprofibrate, as a positive control. Female Sprague-Dawley rats were treated orally with N-EtFOSE, ciprofibrate or corn oil (vehicle) for 21 days, and levels of N-EtFOSE and its metabolites as well as markers of peroxisome proliferation and oxidative stress were assessed in serum, liver and/or uterus. The N-EtFOSE metabolite profile in liver and serum was in good agreement with reported in vitro biotransformation pathways in rats and the metabolite levels decreasing in the order perfluorooctanesulfonate ) perfluorooctanesulfonamide * N-ethyl perfluorooctane sulfonamidoacetate ) perfluorooctanesulfonamidoethanol * N-EtFOSE. Although N-EtFOSE treatment significantly decreased the growth rate, increased relative liver weight and activity of superoxide dismutases (SOD) in liver and uterus (total SOD, CuZnSOD and MnSOD), a metabolic study revealed no differences in the metabolome in serum from N-EtFOSE-treated and control animals. Ciprofibrate treatment increased liver weight and peroxisomal acyl Co-A oxidase activity in the liver and altered antioxidant enzyme activities in the uterus and liver. According to NMR metabolomic studies, ciprofibrate treated animals had altered serum lipid profiles compared to N-EtFOSEtreated and control animals, whereas putative markers of peroxisome proliferation in serum were not affected. Overall, this study demonstrates the biotransformation of N-EtFOSE to PFOS in rats that is accompanied by N-EtFOSE-induced alterations in antioxidant enzyme activity.
Introduction
Perfluorooctanesulfonic acid (PFOS)-based chemicals are a novel and unique group of environmental contaminants that were manufactured for over 50 years by electrochemical fluorination of octanesulfonyl fluoride (Kissa 2001; Lehmler 2005) . The perfluorooctanesulfonyl fluoride produced by this process was subsequently converted into N-alkylated perfluorooctanesulfonamide intermediates needed for a large range of industrial and consumer applications, for example coatings for carpets, textiles and paper products. These applications utilize unique properties imparted by the perfluorooctyl chain, including its lipophobic and hydrophobic character, and its resistance towards biological, chemical and thermal degradation.
As a result of their widespread commercial use, perfluorooctanesulfonamides have been detected in various environmental matrices Lehmler 2005) , food samples (Tittlemier et al. 2007) , wildlife (Giesy and Kannan 2001; Lau et al. 2007; Lehmler 2005 ) and in humans (Calafat et al. 2007; Fromme et al. 2009; Kannan et al. 2004; Kärrman et al. 2006a; Lau et al. 2007; Spliethoff et al. 2008) . Several studies suggest that perfluorooctanesulfonamides are either degraded in the environment (Paul et al. 2009 ) or undergo biotransformation in wildlife and humans (Tomy et al. 2004; Xu et al. 2004 Xu et al. , 2006 . The ultimate product of these processes is PFOS, a highly persistent and ubiquitous environmental contaminant. As an example, a simplified biotransformation pathway of N-EtFOSE (N-ethyl perfluorooctanesulfonamidoethanol) with the chemical structure and names of putative metabolites in humans and in rats is shown in Fig. 1 . Due to environmental concerns arising from these observations, the main manufacturer of these compounds in the United States, the 3 M Corporation, phased out production of PFOS-based chemicals between 2000 and 2002. Despite the ubiquitous environmental contamination with PFOS-based compounds, only limited information is available about the mammalian toxicity of perfluorooctanesulfonamides, including N-EtFOSE. Teratological findings with N-EtFOSE in the rat and rabbit are unremarkable (Case et al. 2001 ) and comparable to the effect of PFOS ). Acute exposure to NEtFOSE has no significant effect on markers of peroxisome proliferation in male rats (e.g., changes in liver and body weight, lauroyl CoA oxidase enzyme activity or serum cholesterol) (Berthiaume and Wallace 2002) , whereas subacute exposure for 4 days causes peroxisome proliferation in male and female rats (Wallace et al. 2001) . The structurally related PFOS is also a weak peroxisome proliferator in rats (Berthiaume and Wallace 2002; Haughom and Spydevold 1992) and mice (Sohlenius et al. 1993) .
Several mechanisms have been proposed for the peroxisome proliferative effect of N-EtFOSE and other PFOS-based chemicals. Human and rodent peroxisome proliferator-activated receptors a (PPARa), a transcription factor that is involved in lipid storage, transport and metabolism, can be activated by perfluorooctanesulfonamides and related compounds (Maloney and Waxman 1999; Shipley et al. 2004; Takacs and Abbott 2007; Vanden Heuvel et al. 2006) . Another mechanism is the displacement of endogenous ligands (i.e., cellular fatty acids) from rat liver fatty acid-binding protein and subsequent activation of PPARa in tissues by these endogenous ligands (Luebker et al. 2002) .
Although N-EtFOSE and PFOS have no effect on endpoints associated with mitochondrial biogenesis in rats (Berthiaume and Wallace 2002) , mechanistic studies suggest that perfluorooctanesulfonamides cause mitochondrial dysfunction, but by different mechanisms and with different potencies (Panaretakis et al. 2001; Starkov and Wallace 2002) . For example, N-EtFOSE, PFOS and perfluorooctanoic acid (PFOA) cause an intrinsic proton leak of the mitochondrial inner membrane, which may be due to a change in the fluidity of the mitochondrial membrane (Hu et al. 2003; Lehmler et al. 2006; Starkov and Wallace 2002; Xie et al. 2007 ). Perfluorooctanesulfonamide (FOSA) is a potent uncoupler of oxidative phosphorylation (Schnellmann and Manning 1990; Starkov and Wallace 2002) , whereas N-ethyl perfluorooctanesulfonamidoacetate (N-EtFOSAA) potently induces the mitochondrial permeability transition (O'Brien and Wallace 2004; Starkov and Wallace 2002) . Some N-EtFOSE metabolites, such as N-EtFOSAA and perfluorooctanesulfonamidoacetate (FOSAA), stimulate production of reactive oxygen species in isolated mitochondria (O'Brien and Wallace 2004) and in isolated hepatocytes (Liu et al. 2007) . Similarly, PFOA and perfluorodecanoic acid alter redox homeostasis in vitro and in vivo (O'Brien and Wallace 2004) .
In the present study we test the hypothesis that exposure to perfluorooctanesulfonamides causes a redox imbalance in female Sprague-Dawley rats that is associated with peroxisome proliferation and/or mitochondrial dysfunction. N-EtFOSE was selected as a test compound because of its large scale use in commercial products and its occurrence in the environment (Fromme et al. 2009; Lau et al. 2007; Lehmler 2005) . Initially, changes in systemic biomarkers of oxidative stress, mitochondrial dysfunction and peroxisome proliferation were assessed in comparison to ciprofibrate using a NMR metabolomic approach. Ciprofibrate was selected because its hepatotoxicity has been studied in parallel with other perfluorochemicals (Borges et al. 1993; Chen et al. 1994; Glauert et al. 1992; Huang et al. 1994; Wilson et al. 1995) . In addition, the activities of peroxisomal acyl Co-A oxidase (AOX) and selected antioxidant enzymes were measured in the liver, a known target organ of perfluorinated compounds. Because of the developmental concerns associated with the exposure to N-EtFOSE and related compounds , selected enzyme antioxidant activities were also measured in the uterus to assess if an altered redox homeostasis in utero could potentially contribute to the developmental toxicity of perfluorochemicals.
Materials and methods

Chemicals
Perfluorooctanoic acid (PFOA, 98%) and potassium salt of perfluorooctane sulfonic acid (PFOS, [98%) were purchased from TCI (Portland, OR) . N-Ethyl perfluorooctanesulfonamidoethanol (N-EtFOSE; [99%), N-ethyl perfluorooctanesulfonamide (N-EtFOSA; [99%, 0.15% PFOA), N-ethyl perfluorooctanesulfonamidoacetate (N-EtFOSAA; [92%, 7.2% PFOS and 0.5% PFOA), perfluorooctanesulfonamidoethanol (FOSE; [90%, 6.0% PFOA and 4.2% PFOA) and perfluorooctanesulfonamide (FOSA; [75%, 20.1% PFOS and 4.1% PFOA) were synthesized as described previously ). Their PFOS and PFOA contents were determined using a 100 ppb standard solution in methanol as described below. The chemical structure of these compounds with the respective abbreviations is shown in Fig. 1 .
13 C 4 -PFOS, 13 C 4 -PFOA (99% purity, Wellington Laboratories, Guelph, ON, Canada) were used as surrogate standards. Ciprofibrate was generously provided by Sanofi Pharmaceuticals (Malvern, PA, USA) and corn oil was purchased from Acros Organics (Morris Plains, NJ, USA).
Animals and treatment
All experimental protocols were approved by the Institutional Animal Care and Use Committee of The University of Iowa. The study was designed to resemble previous studies investigating the effect of perfluorochemicals, such as perfluorodecanoic acid, on peroxisome proliferation and oxidative stress (Borges et al. 1993; Chen et al. 1994; Glauert et al. 1992; Huang et al. 1994; Wilson et al. 1995 (10 weeks, 220 ± 20 g; Harlan, Indianapolis, IN, USA) were placed in cages in a controlled environment, maintained at 22°C with a 12 h light-dark cycle, and with food and water ad libitum. After a 1 week conditioning period, rats were randomly divided into three treatment groups and treated with the respective test compound by gastric intubation. One group (n = 9) received 5.0 mg/kg body weight of N-EtFOSE in corn oil (2 mL/kg body weight) for a period of 21 days (once daily for 5 days/week, no administration on days 6 and 7). The average total N-EtFOSE dose was 16.3 ± 0.7 mg/animal (28.6 ± 1.3 lmol/per animal). The negative control group was treated analogously with 2 mL/kg body weight corn oil (n = 9). A third group (n = 8) was given a daily dose of ciprofibrate (7.5 mg/kg per day) suspended in 0.5 mL water and methylcellulose for 21 days (Hammer et al. 1998) . Both the N-EtFOSE and the ciprofibrate doses were expected to cause general toxicity.
General toxicity and pathological examination
Rats were monitored regularly for clinical signs of toxicity and body weight was recorded daily. The animals were weighed and euthanatized by CO 2 asphyxiation 3 days after the last N-EtFOSE administration (negative control and N-EtFOSE treatment group) or 1 day after the last ciprofibrate administration (ciprofibrate treatment group). Blood was collected by cardiac puncture, serum was isolated by centrifugation and aliquots were stored at -80°C. Kidney, liver, spleen and uterus were excised, weighed, and the organ body weight ratios were calculated (Table 1) . Small aliquots of the liver and uterus were either homogenized immediately in a 5% 5-sulfosalicylic acid buffer for the determination of total and oxidized glutathione or fixed in a 10% formalin solution. The remaining parts of the liver and uterus were frozen in liquid nitrogen and stored at -80°C for future measurements. Formalin fixed tissues were embedded in paraffin in the Comparative Pathology Research Laboratory of the Carver College of Medicine at The University of Iowa and hematoxylin and eosin stained sections (thickness: 4 lm) were evaluated in a blinded fashion by a pathologist (J.W.).
H NMR analysis of serum
A NMR metabolomic approach was used to assess changes in systemic biomarkers of oxidative stress, mitochondrial dysfunction and/or peroxisome proliferation. In short, serum samples (500 lL) were gently thawed and diluted with 500 lL phosphate buffer in D 2 O (0.2 M, pH 7.4; 5 mM sodium 3-trimethylsilyl-2,2,3,3,-d 4 -propionate, TSP) as described previously (Viant 2007 (Viant 2007) . The programs from the Bruker standard pulse sequence library were used for these experiments. The residual HOD signal was presaturated in all the experiments during the relaxation period. The experimental parameters are as follows. Single pulse experiment: spectral width (SW), 9 kHz; time domain data points (TD), 64 k; 60°pulse width (PW), 5.9 ls; relaxation delay (RD), 2.5 s; number of scans (NS), 128. CPMG experiment: SW, 9 kHz; TD, 64 k; 90°PW, 9.8 ls; spin echo delay, 200 ns; total spin-spin relaxation delay, 80 ms; RD, 3.5 s; NS, 128, dummy scans (DS), 8. 2D HOMO-J: SW (F2), 9 kHz; SW (F1), 63 Hz; TD2, 8 k; TD1, 64; 90°PW, 9.8 ls; RD, 2 s; NS, 8; DS, 8. All the 1D spectra were processed with zero-filling to 128 k data points followed by manual phase and baseline (quadratic) corrections. For the 2D spectra, the F1-data were zerofilled to 1,024 data points and multiplied by sine-bell functions followed by Fourier transformation. The 2D spectra were then tilted by 45°and symmetrized about the F1 axis. The 1 H NMR data were initially analyzed by manually integration of the CPMG and 1 H-JRES spectra, 12.7 ± 2.7 8.3 ± 0.9** 9.9 ± 0.6
Organ weight (g) Liver 8.7 ± 1.1 9.2 ± 0.08 13 ± 0.97*** Kidney 1.48 ± 0.14 1.54 ± 0.09 1.69 ± 0.05*** Spleen 0.60 ± 0.03 0.63 ± 0.07 0.58 ± 0.04 Uterus 0.39 ± 0.08 0.37 ± 0.07 0.31 ± 0.06
Ratio of organ weight to body weight (%) Liver 3.7 ± 0.3 4.1 ± 0.2* 5.9 ± 0.3*** Kidney 6.3 ± 0.5 6.8 ± 0.4 7.3 ± 0.3*** Spleen (910
*** P \ 0.001 a 7.5 mg ciprofibrate/kg per day suspended in 0.5 mL water and methylcellulose was administered by oral gavage continuously for 3 weeks b Growth rate = body weight (end exposure) -body weight (begin exposure)/body weight (end exposure) 9 100
followed by principal component analysis (PCA) as a data reduction tool. Subsequently, NMR signals that were significantly different between treatment groups in the CPMG spectra were analyzed in the 1-D 1 H NMR spectra with water presaturation and the 1 H-JRES spectra to confirm our findings. Representative spectra and a plot of the loadings of each spectral region are shown in Figures S1 to S4 in the Supplementary material.
Determination of levels of N-EtFOSE and metabolites in liver and serum
Extraction of N-EtFOSE and metabolites
N-EtFOSE, N-EtFOSA, N-EtFOSAA, FOSE, PFOS, PFOA, and PFOSA were analyzed in rat serum and liver samples using an ion-pairing extraction procedure and were determined by using of a high-performance liquid chromatograph (HPLC) with an electrospray tandem mass spectrometer (ESI-MS/MS) (Kannan et al. 2004) . Briefly, 0.2 mL of serum or 1 mL of liver homogenate were added with internal standards ( 13 C 4 -PFOS, 13 C 4 -PFOA at 5 ng for serum samples and 10 ng for liver samples), 2 mL of 0.25 M sodium carbonate/sodium bicarbonate buffer, and 1 mL of 0.5 M tetrabutylammonium (TBA) hydrogensulfate solution (adjusted to pH 10). After the resulting mixture was vortexed, 5 mL of methyl-tert-butyl ether (MTBE) was added for extraction followed by shaking vigorously for 45 min. The MTBE layer was separated by centrifugation at 3,500 rpm for 3 min and then transferred to a polypropylene tube. Another 3 mL of MTBE was added to the aqueous phase and the procedure was repeated. The two MTBE fractions were combined and gently evaporated to dryness using a stream of dry nitrogen and then reconstituted with methanol (0.5 mL methanol for serum samples and 1 mL methanol for liver samples). The samples were vortexed for 60 s and than transferred to glass GC vials.
Instrumental analysis
N-EtFOSE and its metabolites were analyzed and quantified using an Agilent 1100 series high performance liquid chromatography (HPLC) coupled with an Applied Biosystems API 2000 electrospray triple-quadruple mass spectrometer (ESI-MS/MS). Ten lL of the extract was injected onto a 100 mm 9 2.1 mm Betasil C 18 column (5 lm; Thermo Electron Corporation, Bellefonte, PA, USA). The mobile phase was 2 mM ammonium acetate/methanol starting at 10% methanol at a flow rate of 300 lL/min. The gradient increased to 99% methanol at 9 min and then was held for 5 min before reversed back to 10% methanol. The tandem mass spectrometer was operated in electrospray negative ionization mode. Target compounds were determined by multiple reactions monitoring (MRM FOSE and 629.9 [ 59. 2 for N-EtFOSE. When possible, multiple daughter ions were monitored for confirmation, but quantitation was based on a single product ion. In all cases, the capillary was held at -4 kV and the desolvation temperature was kept at 400°C.
Limits of quantitation
The limits of quantitation (LOQ) were determined based on the linear range of calibration curves prepared at a concentration range of 0.1-100 ng/mL. Concentrations in samples which were at least threefold greater than the lowest acceptable standard concentration were considered to be valid. A curve point was deemed acceptable if (1) it was back-calculated to be within 30% of the theoretical value when evaluated versus the 1/x weighted curve, and (2) the peak area of the standard was at least 3 times greater than that in the blank. Concentration/dilution factors were not included in the calculation of the LOQ. The LOQ for N-EtFOSE, N-EtFOSA, N-EtFOSAA, FOSA, PFOA was 0.5 ng/mL, and for FOSE and PFOS it was 0.1 and 1.0 ng/ mL, respectively.
Quality assurance and quality control 13 C 4 -PFOS and 13 C 4 -PFOA (99% purity, Wellington Laboratories, Guelph, ON, Canada) were spiked as internal standards into all blanks and samples prior to the addition of reagents for extraction. Recoveries of 13 C 4 -PFOS in serum samples and liver samples were 76 ± 27 and 67 ± 22%, respectively; recoveries of 13 C 4 -PFOA in serum samples and liver samples were 116 ± 18 and 125 ± 6%, respectively. PFOA levels (adjusted for recovery of 13 C 4 -PFOA) were 5.4 ± 0.8 and 0.7 ± 0.1 ppb in the liver and serum of N-EtFOSE treated animals. PFOA background levels were 0.7 ± 0.1 ppb in the liver of control animals, whereas not PFOA was detected in control serum.
Matrix spikes (two liver samples and one serum sample) were performed. Known amounts of mixed PFC standards (10 ng for serum sample and 20 ng each for liver samples) were spiked into sample matrices before extraction and were passed through the entire analytical procedure. Blanks were analyzed by passing Milli-Q water and reagents through the whole analytical procedure. A midpoint calibration standard was injected after every five samples to check the stabilization of instrumental response and drift.
Arch Toxicol (2009) 83:909-924 913 Calibration standards were injected daily before and after the analysis. The matrix recovery rates from liver were from 55 to 158%, except for N-EtFOSE and N-EtFOSA in liver in which these two compounds were recovered at 2.5 ± 1 and 18.5 ± 1.5%, respectively (n = 2). The recoveries of all target analytes in serum were between 67 and 159%. The reported concentrations in liver and serum were corrected for recoveries.
Enzyme activity assays 
Peroxisomal acyl Co-A oxidase activity
Acyl CoA oxidase activity in liver tissue homogenates was determined fluorometrically using the lauroyl CoA-dependent production of hydrogen peroxide as described previously (Poosch and Yamazaki 1986) . AOX activity is expressed as nmol hydrogen peroxide formed per minute per milligram protein. The protein concentration was determined using Pierce bicinchoninic acid protein determination kit (Pierce, Rockford, IL, USA).
Superoxide dismutase
Total SOD activity was determined using the assay established by Spitz and Oberley (1989) . In this competitive inhibition assay the superoxide anion radical generated by xanthine-xanthine oxidase is detected by monitoring the reduction of nitroblue tetrazolium colorimetrically at 560 nm. One unit of SOD activity is defined as the amount of protein that yields 50% of maximal inhibition of nitroblue tetrazolium reduction by superoxide anion radicals. Manganese superoxide dismutase (MnSOD) activity was measured by inhibition of copper zinc superoxide dismutase (CuZnSOD) activity in the presence of 5 mM cyanide. CuZnSOD activity was subsequently determined by subtracting MnSOD activity from total SOD activity. Specific activity data for total SOD, MnSOD and CuZnSOD are presented as units of SOD activity per milligram of protein as determined by the method of Lowry et al. (1951) .
Catalase
Catalase activity was determined using the colorimetric assay established by Beers and Sizer (1952) . In short, H 2 O 2 was added to tissues homogenate in potassium phosphate buffer (pH 7.8), and the disappearance of H 2 O 2 was measured at 240 nm for 2 min at 15 s intervals. Catalase activity was expressed as milli-k units per milligram of protein as described by Aebi (1984) using protein values obtained from the Lowry protein assay.
Glutathione peroxidases
Total GPx activity was detected using hydroperoxide to determine Se-dependent activity (GPx-1) or cumene hydroperoxide to determine total activity (Lawrence and Burk 1976) . In this assay, GPx catalyzes the oxidation of reduced glutathione to glutathione disulfide by hydroperoxide or cumene hydroperoxide. In the presence of glutathione reductase and NADPH, glutathione disulfide is immediately converted to glutathione with a concomitant oxidation of NADPH to NADP ? . The decrease in NADPH was measured at 340 nm and total GPx activity is expressed as milliunits of GPx activity per milligram of protein determined by the method of Lowry.
Levels of glutathione and thiobarbituric acid reactive substances (TBARS)
Total and oxidized glutathione levels were determined in whole liver homogenate using the recycling method of Anderson (1985) . Thiobarbituric acid reactive substances (TBARS) were measured fluorometrically in whole liver homogenate according to the method described by Uchiyama and Mihara (1978) .
Statistical analyses R statistical software (version 2.8.0, http://www.r-project. org) was used for the multivariate and the statistical analyses. Data are presented as mean ± SD if not mentioned otherwise. Outliers were removed prior to statistical analyses based on box plots and the 39 inter-quartile range criterion. The data were analyzed with ANOVA accompanied by post hoc Dunnett's test to detect significant differences between treatment groups and control. The results were considered significant if P \ 0.05. Principal Component Analysis (PCA) as implemented by R statistical software was used to observe groupings of animals from different treatment groups based on the metabolomic profile in serum.
Results
General toxicity and pathology
All rats survived to the end of the study and no clinical findings were observed in female rats from all three treatment groups. Exposure to N-EtFOSE resulted in a significant decrease in the growth rate of female Sprague -Dawley rats compared to controls, whereas ciprofibrate did not significantly alter the growth rate (Table 1) . While N-EtFOSE caused a slight, but significant increase in the body weight-adjusted liver weight, the actual liver weight was not significantly increased compared to controls (P = 0.41). In contrast, ciprofibrate significantly increased liver and kidney weights compared to controls. Histopathological evaluation of hematoxylin and eosin (H&E) stained liver and uterus slices did not reveal pathological changes in any treatment group (data not shown).
Comparison of the metabolic profile of N-EtFOSE and ciprofibrate in serum A NMR metabolomic study was performed in an attempt to identify changes in the metabolome of serum resulting from treatment with N-EtFOSE. Initially, CPMG and 1 H-JRES NMR spectra were integrated and analyzed by PCA. As illustrated in Fig. 2 , we retained two principal components (PC) accounting for 64% (PC1) and 27% (PC2) of the variability in the TSP-adjusted CPMG data. PCA of the CPMG data adjusted for total spectral area gave similar results (data not shown). PC1 separated ciprofibrate-treated animals from control and N-EtFOSE-treated animals. In contrast, no groupings by treatment group were observed using homonuclear two dimensional J-resolved 1 H NMR data (data not shown).
Based on the loadings, the signals at d = 0.96-0.84 (lipid -CH 3 ), 1.34-1.27 (lipid) and 3.33-3.21 ppm (glucose plus -N(CH 3 ) 3 of the surface phospholipids (Ala-Korpela 2008)) were identified as contributing to the groupings in the PCA of the CPMG data. Further statistical analysis showed that these signals were significantly different between ciprofibrate and control animals (P \ 0.05), thus suggesting lower levels of lipids with a -N(CH 3 ) 3 moiety (e.g., phosphatidylcholine and/or sphingomyelin) in the ciprofibrate treatment group compared to the N-EtFOSE and the negative control groups. Because the CPMG spin-echo sequence is designed to remove broad resonances associated with macromolecules (such as triglycerides and lipid assemblies) we also analyzed the same spectral areas in the water presaturated 1-D 1 H NMR and 1 H-JRES spectra spectral datasets. Analysis of the 1-D 1 H NMR spectra confirmed that animals from the ciprofibrate treatment group have lower lipids levels compared to negative control animals, whereas the 1 H-JRES spectra showed no broad lipid signals. The later observation is also consistent with the results of the PCA of this dataset and indirectly confirms a significant difference in lipid levels between ciprofibrate and corn oil-treated animals.
Liver and serum levels of N-EtFOSE and its metabolites Levels of N-EtFOSE and several putative metabolites were analyzed in liver and serum (Table 2) . Levels of N-EtFOSE in serum were in the low ppb range, whereas no N-EtFOSE was detected in serum from control animals. Hepatic N-EtFOSE levels appeared to be in the ppb range. FOSE in both liver and serum samples were also in the low ppb range, and N-EtFOSA was not detected in either matrix. In contrast, levels of N-EtFOSAA were in the low ppm range in the liver and serum. FOSA levels in the liver were also in the low ppm range, but were approximately one order of magnitude lower in serum. The major metabolites detected in both liver and serum was PFOS, with levels that were at least 10 times higher compared to the five perfluorooctanesulfonamides. The liver-to-serum ratios ranged from 1.3 for N-EtFOSAA to 10.1 for FOSA and decreased in the order FOSA [ FOSE [ PFOS [ N-EtFOSAA (Table 2) . 
Effect of N-EtFOSE and ciprofibrate on enzyme activities and markers of oxidative stress
The effect of the N-EtFOSE on the activities of selected antioxidant enzymes, such as superoxide dismutases (SOD), catalase and glutathione peroxidases (GPx's), was assessed in the uterus and liver of female Sprague-Dawley rats (Figs. 4, 5, 6 ). In addition, the ratio of reduced to oxidized glutathione (GSH:GSSG ratio) and the levels of TBARS were analyzed. Neither N-EtFOSE nor ciprofibrate had an effect on the GSH:GSSG ratio and TBARS in the liver or the GSH:GSSG ratio in the uterus (data not shown). Superoxide dismutases catalyze the dismutation of the superoxide anion radical to hydrogen peroxide. The two important forms of SOD investigated in this study are CuZnSOD and MnSOD, which are found in the cytosol and mitochondria, respectively. CuZnSOD and MnSOD activities were 11-and 1.5-times higher in the liver of control animals compared to the uterus, respectively. N-EtFOSE-treatment significantly increased the activity of total SOD and CuZnSOD in the uterus and of total SOD, MnSOD and CuZnSOD in the liver of female Sprague-Dawley rats (Fig. 4) . Ciprofibrate significantly decreased MnSOD activity and increased CuZnSOD activity in the uterus, but had not significant effect on ND not detected a Average of samples from the negative control (n = 3) and the ciprofibrate (n = 2) treatment group. One N-EtFOSE-contaminated animal in the ciprofibrate group was excluded from the data analysis. The number of samples above the LOQ is provided in parentheses where appropriate b Adjusted for the respective matrix spike recovery in serum (N-EtFOSE = 67%; N-EtFOSAA = 159%; N-EtFOSA = 82%; FOSE = 96%; FOSA = 132%) and in the liver (N-EtFOSAA = 156 ± 3%; N-EtFOSA = 19 ± 2%; FOSE = 57 ± 2%; FOSA = 98 ± 3%). See the experimental part for additional details c Corrected N-EtFOSE levels in the liver are not reported because of the poor recovery rate (2.5 ± 1%); uncorrected N-EtFOSE levels group were low, with 4.6 ± 4.7 ppb in N-EtFOSE-treated animals and 7.8 ± 1.3 ppb in control animals d Adjusted for the recovery of total and CuZnSOD activities in the liver. However, hepatic MnSOD activity tended to be increased in ciprofibrate-treated animals (P = 0.07).
Catalase is a heme-containing antioxidant enzyme that decomposes hydrogen peroxide to water and oxygen. In the present study, catalase activity was approximately 17-times higher in the liver compared to the uterus (424 ± 112 vs. 24.3 ± 4.6 milli-k units/mg, respectively). Treatment with N-EtFOSE, but not ciprofibrate, significantly increased catalase activity in the uterus. Catalase activity was not significantly altered in the liver of N-EtFOSE or ciprofibrate-treated animals (Fig. 5) .
Glutathione peroxidases are enzymes that catalyze the decomposition of H 2 O 2 and organic hydroperoxides using reducing equivalents from glutathione. Total GPx (using cumene hydroperoxide as substrate) and GPx-1 (using H 2 O 2 as substrate) activities were 2.8-and 3.4-times higher in the liver of control animals compared to the uterus, respectively. No significant change in total GPx or GPx-1 activity was observed in the liver of N-EtFOSE-treated animals (Fig. 6) . A significant decrease of total GPx, but not GPx-1 activity, was observed in the uterus. Total GPx activity was significantly decreased in the liver and uterus of ciprofibrate treated animals, whereas GPx-1 activity was significantly decreased only in the liver. , and had no effect on GPx-1 activity. Ciprofibrate significantly decreased total GPx activity in the liver and uterus and GPx-1 activity in the liver. Data are presented as mean ± SEM. *P \ 0.05, **P \ 0.01, ***P \ 0.001
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Discussion
The present study investigates the effect of N-EtFOSE on the metabolome of female Sprague-Dawley rats as well as antioxidant capacity indicative of redox homeostasis in selected target organs. Oral exposure to N-EtFOSE resulted in a significant decrease in the growth rate of female Sprague-Dawley rats compared to controls, whereas the ciprofibrate did not significantly alter the growth rate (Table 1) . Similarly, N-EtFOSE caused a reduced body weight gain in pregnant rats at doses [5 mg/kg body weight/day in an earlier study (Case et al. 2001) . Two structurally related compounds, N-EtFOSA and PFOS, also significantly affect growth rates in rats (Austin et al. 2003; Cui et al. 2009; Curran et al. 2008; Seacat et al. 2003; Thibodeaux et al. 2003; Zheng et al. 2009 ) and mice (Era et al. 2009; Peden-Adams et al. 2007; Thibodeaux et al. 2003; Yahia et al. 2008) in various acute, subchronic, reproductive and developmental exposure regimes. N-Ethyl perfluorooctanesulfonamidoethanol also caused a slight increase in the weight of the liver. Similar effects of N-EtFOSA (Peden-Adams et al. 2007) and PFOS (Curran et al. 2008; Era et al. 2009; Yahia et al. 2008; Zheng et al. 2009 ) on liver weight have been reported in rodents. Taken together, the similarity of the effect of PFOS-based chemicals on the growth rate and liver weight suggests a common underlying cause for both effects. As expected based on earlier studies (Borges et al. 1993; Chen et al. 1994) , the liver weight in the ciprofibrate group was significantly increased compared to controls due to peroxisome proliferation. Despite the changes in organ weights, histopathological evaluation did not reveal any pathological changes in the liver or uterus of the N-EtFOSE treatment group. In contrast, subacute exposure to PFOS resulted in significant histopathological changes in rats, probably due to the higher total dose employed (Cui et al. 2009) .
Because N-EtFOSE cause changes in the growth rate and the liver weight, a 1 H NMR metabolomic study was performed to identify markers for N-EtFOSE toxicity. Metabolomics is defined as ''the quantitative measurement of the multiparametric response of living systems to pathophysiological stimuli or genetic modification'' (Nicholson et al. 1999 (Nicholson et al. , 2002 and provides information about the state and severity of organ dysfunction. Serum was used in our study because it can be used to assess systemic effects of a toxic insult on lipid metabolism (Coen et al. 2003) , mitochondrial dysfunction (Lei et al. 2008) , peroxisome proliferation (Sheikh et al. 2007 ) and, potentially, redox homeostasis (Viant et al. 2005) . As shown in Fig. 2 , PCA of the 1 H NMR data revealed no differences between corn oil and N-EtFOSE treated animals, despite the fact that N-EtFOSE treatment caused general toxicity (i.e., decrease in the growth rate and increased liver weight; Table 1 ) at the dose investigated. Ciprofibrate, a well investigated peroxisome proliferator (Borges et al. 1993; Chen et al. 1994; Glauert et al. 1992; Huang et al. 1994; Wilson et al. 1995) , did not affect metabolomic markers typically associated with exposure to other peroxisome proliferators, such as amino acids (Sheikh et al. 2007) or, possibly, tryptophan-NAD ? pathway metabolites (Connor et al. 2004; Delaney et al. 2005; Sheikh et al. 2007 ). However, ciprofibrate treatment resulted in slightly, but significantly higher phosphatidylcholine and/or sphingomyelin levels compared to corn oil-and N-EtFOSE-treated animals. Since ciprofibrate was only employed for comparison purposes, this change in lipid levels and/or composition was not further investigated.
In addition to the analysis of endogenous metabolites in serum, several putative N-EtFOSE metabolites were selected based on established biotransformation pathway of perfluorooctanesulfonamides (Tomy et al. 2004; Xu et al. 2004 ) and their levels in liver and serum determined ( Table 2 ). The objective of the chemical analysis was to confirm the formation of these metabolites in vivo and to further understand the biological effects of NEtFOSE treatment. Phase II metabolites, such as O-or N-glucuronides were not analyzed because suitable methods for the extraction and detection of this class of metabolites were not available. However, based on several in vitro studies (Xu et al. 2004 (Xu et al. , 2006 , these metabolites are most likely formed in vivo. We also did not determine FOSAA levels, a major FOSE metabolite in vitro (Xu et al. 2004) , because of the unavailability of an analytical standard.
The metabolites observed in both liver and serum support the biotransformation pathway proposed by Xu et al. (2004) for N-EtFOSE. As shown in Fig. 1 , N-EtFOSE was either oxidized to N-EtFOSAA or dealkylated to FOSE. N-EtF-OSA, another possible dealkylation product of N-EtFOSE, was not detected in liver or serum. Similarly, the formation of N-EtFOSA from N-EtFOSE was not observed in in vitro metabolism studies (Xu et al. 2004 ). Subsequently, FOSE was further dealkylated to FOSA. Analogously, N-EtFOSA, a perfluorooctanesulfonamide that was commercially sold as a delayed-action insecticide, has been shown to be rapidly dealkylated to FOSA by liver microsomes from several species (Tomy et al. 2004; Xu et al. 2004 ) as well as in rats (Arrendale et al. 1989; Manning et al. 1991) and sheep (Vitayavirasuk and Bowen 1999) . FOSA, which has a halflife of approximately 100 h in rats (Manning et al. 1991) and an elimination phase half-life of 63.4 h in sheep (Vitayavirasuk and Bowen 1999), was finally hydrolyzed to PFOS, the ultimate metabolite of N-EtFOSE. Although the hydrolysis of perfluorooctanesulfonamides (such as N-EtFOSA or FOSA) to PFOS has been documented in vitro (Tomy et al. 2004; Xu et al. 2004) , this study for the first time documents the in vivo metabolism of N-EtFOSE to PFOS. In fact, PFOS was the major N-EtFOSE metabolite observed and accounted for approximately 9.5 ± 1.2% of the total N-EtFOSE dose in the serum and liver (Table 3) . The other N-EtFOSE metabolites accounted for only 1.1 ± 0.3% of the total dose.
The mean liver-to-serum ratios for several metabolites N-EtFOSE (Table 2) were calculated to assess their affinity for the liver compared to blood. The liver-to-serum ratios for these compounds suggest a preferential accumulation in the liver relative to serum, with a rank order of FOSA [ FOSE [ PFOS [ N-EtFOSAA. However, the mean liver-to-serum ratio for FOSA (and possibly other perfluorooctanesulfonamides) needs to be interpreted with caution. Kärrman and co-workers report a mean plasmato-whole blood ratio of 0.2 for FOSA in human blood (Kärrman et al. 2006b ). Similarly, the plasma-to-whole blood ratio was 0.04 in sheep (Vitayavirasuk and Bowen 1999) . These values suggest that FOSA binds to red blood cells, which are removed during the preparation of plasma and, as in our study, serum. Therefore, our serum analyses probably underestimate the FOSA levels in whole blood and, as a consequence, overestimate the liver-to-blood ratio. In contrast, PFOS has mean plasma-to-whole blood ratios of 1.2 and 1.4, respectively, and plasma (or serum) levels are a good approximation of whole blood levels (Kärrman et al. 2006b ).
Several earlier studies have determined liver-to-serum ratios for PFOS. Seacat et al. (2003) reported liver-toserum ratios ranging from approximately 3:1-12:1 in male and female rats, which is higher compared to the ratio of 2.3:1 reported in the present study. Seacat and co-workers report that the liver-to-serum ratio was independent of the PFOS dose and consistently lower in female rats. Recently, Curran et al. (2008) reported much higher liver-to-serum ratios ranging from 20:1 to 46:1 in female and 35:1 to 51:1 in male rats. In that study, rats were treated for 28 days with a diet containing 2-100 mg PFOS/kg diet. Interestingly, the liver-to-serum ratio of PFOS in untreated animals was 1.3:1 for female and 2.0:1 for male rats, which is more consistent with the study by Seacat et al. (2003) and our study. In contrast to rats, the mean liver-to-serum ratio of PFOS in female and male human liver samples was approximately 1.3:1 (Olsen et al. 2003b) , which is comparable to ratios of 1:1-2:1 in cynomolgus monkeys . A study using a single pooled liver and blood samples suggests a somewhat higher liver-to-tissue ratio of 2.7:1 for PFOS (Maestri et al. 2006) .
In addition to providing an insight into the metabolism and disposition of perfluorooctanesulfonamides, the present study allows a comparison with human tissue and serum levels. Biomonitoring studies from around the world indicate that occupationally and non-occupationally exposed populations have measurable serum concentrations of PFOS and related sulfonamides (for an extensive review see (Fromme et al. 2009)) . The concentrations of perfluorooctanesulfonamides are typically an order of magnitude lower compared to concentrations of PFOS in humans (Kannan et al. 2004; Olsen et al. 2003a) . Similarly, PFOS levels in our study are one order of magnitude higher compared to other perfluorooctanesulfonamides, such as FOSA and N-EtFOSAA (Table 2) . Several recent biomonitoring studies demonstrated that FOSA is the major perfluorooctanesulfonamide found in humans, with levels typically in the low part per billion range (Calafat et al. 2007; Kärrman et al. 2006a; Spliethoff et al. 2008) . There are also reports that N-EtFOSAA and structurally related perfluorooctanesulfonamides are present in human blood in low part per billion range. However, human blood levels of perfluorooctanesulfonamides are declining since the phaseout of the production of PFOS-based chemicals in the United States in 2002 (Calafat et al. 2007; Spliethoff et al. 2008) . These levels are three orders of magnitude lower compared to the FOSA and N-EtFOSAA levels (4,470 and 7,773 ppb, respectively) determined in the present study. The total dose of N-EtFOSE for each animal was calculated as
where 5 is the daily N-EtFOSE dose of 5.0 mg/kg body weight, bw day is the body weight on each day of N-EtFOSE administration and n is the number of days of N-EtFOSE administration (n = 3 9 5 days) a Adjusted for the respective matrix spike recovery in serum (N-EtF-OSE = 67%; N-EtFOSAA = 159%; N-EtFOSA = 82%; FOSE = 96%; FOSA = 132%) and in the liver (N-EtFOSE = 2.5 ± 1%; N-EtFOSAA = 156 ± 3%; N-EtFOSA = 19 ± 2%; FOSE = 57 ± 2%; FOSA = 98 ± 3%) if not stated otherwise. See the experimental part and Table 2 for additional details b Calculated assuming a serum volume of 4.86 mL/100 mg for female Sprague-Dawley rats (Probst et al. 2006) c %TD of N-EtFOSE in the liver is not reported because of the poor recovery rate (2.5 ± 1%); also see Table 2 d Adjusted for the recovery of In parallel to the metabolomic study and the investigation of the metabolite profile, the effect of N-EtFOSE on antioxidant capacity indicative of redox homeostasis was investigated in the liver and uterus. As a weak peroxisome proliferator, N-EtFOSE may induce the generation of reactive oxygen species and cause oxidative stress in specific tissues. This hypothesis is supported by a few in vivo and in vitro studies which suggested that perfluorooctanesulfonamides and related compounds activate PPARa (Maloney and Waxman 1999; Shipley et al. 2004; Takacs and Abbott 2007; Vanden Heuvel et al. 2006) , cause hepatic peroxisome proliferation (Berthiaume and Wallace 2002; O'Brien et al. 2005; Wallace et al. 2001) , interfere with mitochondrial function and induce the production of reactive oxygen species (O'Brien et al. 2005; Schnellmann 1990; Schnellmann and Manning 1990; Starkov and Wallace 2002) . Therefore, we hypothesized that N-EtFOSE and/or its metabolites might also alter the activity of antioxidant enzymes, such as SODs, GPx's and catalase.
Hepatic levels of AOX activity were determined to assess if a peroxisome proliferating effect of N-EtFOSE could be responsible for changes in the redox homeostasis of the liver and uterus of female Sprague-Dawley rats. While subacute exposure to N-EtFOSE caused peroxisome proliferation in rats (Wallace et al. 2001) , acute administration did not have an effect on biological markers of peroxisome proliferation (Berthiaume and Wallace 2002) . In the present study, N-EtFOSE slightly increased peroxisomal AOX activity, a marker of peroxisome proliferation (Fig. 3) . However, this increase was not statistically significant. In contrast, ciprofibrate, a well known peroxisome proliferator (O'Brien et al. 2005) , significantly increased AOX activity in the liver. These observations, together with the high hepatic PFOS levels ( Table 2 ), suggests that the slight increase in peroxisomal AOX activity may be due to PFOS, a potent peroxisome proliferator, and not N-EtFOSE.
The activity of antioxidant enzymes (SODs, GPx's and catalase), levels of cellular antioxidants (reduced to oxidized glutathione ratio) and a marker of oxidative stress (TBARS) were investigated to assess changes in the redox homeostasis. While the N-EtFOSE treatment did not affect the ratio of reduced to oxidized glutathione in the liver and uterus or levels of TBARS in the liver, it had effects on the activity of antioxidant enzymes. Most consistent were changes in the activity of SOD caused by N-EtFOSE and/ or its metabolites (Fig. 4) . N-EtFOSE treatment increased the activity of total SOD and CuZnSOD in the uterus and of total SOD, MnSOD and CuZnSOD in the liver of female Sprague-Dawley rats. Similarly, perfluorodecanoic acid increased total hepatic SOD activities in female SpragueDawley rats (Glauert et al. 1992) , and PFOS increased SOD activity in primary cultured hepatocytes from freshwater tilapia (Liu et al. 2007 ). In contrast, PFOS and PFOA had no apparent effect on mRNA levels of SODs in rats (Guruge et al. 2006; Hu et al. 2005; Martin et al. 2007 ) or mice (Rosen et al. 2008 ). Ciprofibrate did not significantly alter SOD activities in the liver, which is in agreement with an earlier study that did not show a change in total SOD activity over a 546 day period (Glauert et al. 1992) .
N-Ethyl perfluorooctanesulfonamidoethanol treatment significantly decreased total GPx activity in the uterus, but otherwise had no effect on total GPx or GPx-1 activity in the liver or uterus (Fig. 6) . In earlier studies with perfluorodecanoic acid, hepatic GPx activities were also not altered in the liver of female (Glauert et al. 1992) or male (Chen et al. 1990 ) Sprague-Dawley rats compared to controls. Several recent toxicogenomic studies reported no effect of PFOS and PFOA on hepatic GPx mRNA levels in rats (Guruge et al. 2006; Hu et al. 2005) or mice (Rosen et al. 2008 ) but an increase in GPx-1 mRNA levels in common cormorants (Nakayama et al. 2008 ). However, in other studies PFOA or perfluorodecanoic acid decreased (Glauert et al. 1992) or increased (Chen et al. 1990; Olsson et al. 1993) hepatic GPx activities, possible due to the different experimental conditions and time points under investigation. In contrast to the N-EtFOSE treatment group, total GPx activity was significantly decreased in the ciprofibrate group in the uterus. Total GPx and GPx-1 activity in ciprofibrate-treated animals were also significantly decreased in the liver, which is in agreement with earlier studies (Glauert et al. 1992; Goel et al. 1986; O'Brien et al. 2005) .
Like other peroxisome proliferators (O'Brien et al. 2005) , perfluorinated compounds, such as PFOS and PFOA, have been shown in some studies to mildly increase hepatic catalase mRNA expression and activity in rodents due to the increase in the levels and activity H 2 O 2 -producing enzyme AOX (O'Brien et al. 2005) . In our study, treatment with N-EtFOSE significantly increased catalase activity in the uterus, but had no effect of catalase activity in the liver (Fig. 5) . Catalase activity was also not altered in the liver and uterus of ciprofibrate-treated animals, which is in contrast to some earlier studies showing an increase in hepatic catalase activity (Glauert et al. 1992 ).
In conclusion, the administration of N-EtFOSE resulted in a complex metabolite profile, with levels decreasing in the order PFOS [ FOSA * N-EtFOSAA [ FOSE * N-EtFOSE, and caused only few changes in the biological endpoints under investigation, such as a decreased growth rate, an increased liver weight, an increased hepatic and uterine SOD activity, and an increased uterine catalase activity. Overall, the general toxicity of N-EtFOSE in our study resembles the toxicity of PFOS. Because PFOS is the major N-EtFOSE metabolite in liver and serum (Table 2) , this similarity between both compounds suggests that, as mentioned above, PFOS (and not another N-EtFOSE metabolite) is likely responsible for the toxicity observed in our study. The effect of PFOS (and perfluorooctanesulfonamides) on antioxidant enzyme levels and activities, in particular SOD, is poorly investigated and appear to be conflicting: While PFOS caused an increase in SOD activity in primary cultured hepatocytes of freshwater tilapia (Liu et al. 2007 ), a gene profiling study did not report changes in SOD gene expression in rats (Guruge et al. 2006) . In contrast, some metabolites, such as N-EtFOSAA and FOSAA, have been shown to increase the production of reactive oxygen species by isolated mitochondria (O'Brien and Wallace 2004), which could result in an induction of antioxidant enzymes, such as SOD. Therefore, doseresponse studies with N-EtFOSE, PFOS and other relevant metabolites are needed to identify which N-EtFOSE metabolite(s) caused the increase in SOD activity in the present study. Furthermore, it will be important to determine if the increase is SOD activity is a result of increased production of superoxide anion radicals. Most likely, such studies will lead to the identification of new and more sensitive markers of N-EtFOSE toxicity and, thus, are crucial for the assessment of the human health risk associated with exposure to N-EtFOSE in particular and PFOSbased chemicals in general.
